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An oblique effect is evident in vernier acuity for abutting lines. In Experiment 1 we show that the 
oblique effect in vernier acuity exists over a range of contrast levels, and is evident even when the 
horizontal and oblique lines are equally detectable or discriminable. Since this oblique effect cannot 
be explained by the lower visibility of oblique vernier lines or of the "dipole" cue, it is unlikely to 
be a consequence of lower neuronal sensitivity. In Experiment 2 we measured the orientation and 
spatial frequency tuning characteristics of vernier acuity for horizontal and oblique (45 deg) stimuli 
using a simultaneous masking paradigm. Our results showed no significant differences between either 
the orientation or spatial frequency tuning for horizontal and oblique stimuli; thus the oblique effect 
is unlikely to result from differences in the tuning of neurons ensitive to the oblique meridians. Finally, 
in Experiment 3, we tested the notion that the oblique effect for vernier judgments might reflect 
limitations imposed beyond the initial filtering operation by measuring vernier acuity for horizontal 
and oblique lines with either the observer or the frame tilted at an angle of 45 deg. The oblique effect 
for vernier followed retinal (rather than gravitational) coordinates, and was unaffected by the 
orientation of the frame, suggesting a relatively low level cause. By exclusion, we suggest hat the 
dependence of vernier acuity on orientation may result from increased positional uncertainty at oblique 
orientations, perhaps as a consequence of lower cortical neuronal density and/or increased topographic 
noise. 
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INTRODUCTION 
It is widely accepted that the human visual system 
detects and discriminates horizontally and vertically 
oriented stimuli more accurately than obliquely oriented 
stimuli. For instance, contrast sensitivity is significantly 
lower for gratings having an orientation of 45 deg, the 
oblique effect being strongest at threshold, in the fovea, 
and for high spatial frequencies (Berkley, Kitterle & 
Watkins, 1975; Campbell, Kulikowski & Levinson, 
1966; Mansfield, 1974; Mitchell, Freeman & West- 
heimer, 1967). This orientation anisotropy is called the 
"oblique effect" (for reviews, see e.g. Appelle, 1972; 
Heeley & Buchanan-Smith, 1990). Even though individ- 
ual differences in orientation anisotropy are quite large 
and practice seems to enhance sensitivity to oblique 
stimuli to some extent (Mayer, 1983; McKee & West- 
heimer, 1978; Timney & Muir, 1976), the oblique effect 
does not appear to be due to visual experience, but seems 
instead to be genetically determined: orientation an- 
isotropy has been shown to exist already in 6-week-old 
babies (Leehey, Moskowitz-Cook, Brill & Held, 1975). 
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Furthermore, since orientation anisotropy is present 
even when the optics of the eye are bypassed by produc- 
ing laser interference fringes on the retina, the anisotropy 
has to be of neural origin (Campbell et al., 1966; Mitchell 
et al., 1967). 
It is not so obvious what constitutes the neural 
source of orientation anisotropy (e.g. Mansfield & Ron- 
ner, 1978; Heeley & Buchanan-Smith, 1990; Rose & 
Blakemore, 1974). At least three (relatively) low level 
neuronal models for the oblique effect have been 
suggested: 
(i) Neuronal sensitivity: according to this notion, neur- 
ons which are tuned to horizontal and vertical are 
more sensitive (lower contrast thresholds) than 
those tuned to the obliques (Rose & Blakemore, 
1974). 
(ii) Neuronal tuning: according to this idea, neurons 
which are tuned to horizontal and vertical are more 
narrowly tuned (e.g. in orientation or spatial fre- 
quency) than those tuned to the obliques (Andrews, 
1967; Thomas & Gille, 1979). 
(iii) Neuronal density: according to this idea, there may 
simply be more neurons tuned to horizontal and 
vertical than those tuned to the obliques (Rose & 
Blakemore, 1974; Mansfield, 1974; Mansfield & 
Ronner, 1978; Orban & Kennedy, 1981; De Valois, 
Yund & Hepler, 1982). 
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In addition, recent evidence (Buchanan-Smith & 
Heeley, 1993) suggests the possibility of a "higher level" 
contribution to orientation anisotropy. Specifically, 
Buchanan-Smith and Heeley (1993) found that the large 
anisotropy in orientation discrimination appears to be 
linked to gravitational rather than retinal coordinates. 
They suggest herefore that higher order mechanisms 
must play a role in coding orientation, and that the 
meridional anisotropy in orientation acuity may be 
located at this higher level. 
Orientation anisotropy also occurs for position 
judgments. For example, previous studies (using both 
line- and two- or three-dot vernier stimuli) have shown 
that in foveal vision, vernier acuity is better when the 
stimuli are oriented vertically or horizontally than 
when they are at a 45 deg orientation (e.g. Ludvigh & 
McKinnon, 1967; McKee & Westheimer, 1978; Morgan, 
1991). 
The oblique effect in vernier acuity may result from 
several factors. One possibility is that the visibility of 
vernier stimuli may be lower for oblique orientations. 
Since vernier thresholds are highly dependent on stimu- 
lus visibility (Waugh & Levi, 1993a, b), lower visibility 
of oblique lines would be expected to result in elevated 
vernier thresholds. This outcome would be predicted by 
the first (neuronal sensitivity) model. Because the ac- 
tivity in orientation tuned channels represents an im- 
portant source of information by which fine vernier 
acuity may be accomplished (e.g. Findlay, 1973; Sulli- 
van, Oatley & Sutherland, 1972; Watt, Morgan & Ward, 
1983; Waugh, Levi & Carney, 1993; Wilson, 1986), the 
oblique effect may also arise from a difference in the 
orientation tuning of the "vertical-horizontal" and 
"oblique" mechanisms. In other words, the orientation 
tuning of oblique mechanisms might be broader than the 
tuning of those mechanisms tuned to vertical or horizon- 
tal (i.e. the neuronal tuning model). Alternatively, be- 
cause of the close connection between vernier acuity and 
orientation, it could be argued that any anisotropy may 
result from higher level mechanisms, in much the same 
way as the anisotropy in orientation discrimination 
occurs (Buchanan-Smith & Heeley, 1993). In this con- 
text, Morgan (1991) has suggested that the oblique effect 
might arise because there is no natural internal represen- 
tation for oblique. 
The purpose of the present experiments was to test 
these three possibilities. In Experiment 1we replicate the 
previously shown oblique effect in vernier acuity over a 
range of contrast levels. The key new result is that the 
orientation anisotropy for vernier acuity is evident even 
when the horizontal and oblique lines are equally de- 
tectable or discriminable. Since visibility does not ex- 
plain the oblique effect for vernier acuity, we measure the 
orientation and spatial frequency tuning characteristics 
of vernier acuity for horizontal and oblique (45 deg) 
stimuli in Experiment 2 using a simultaneous masking 
paradigm (Campbell et al., 1966; Findlay, 1973; Phillips 
& Wilson, 1984; Waugh et al., 1993). To anticipate, our 
results how no significant differences between either the 
orientation or spatial frequency tuning for horizontal 
and oblique stimuli. Finally, in Experiment 3, we test 
the notion that the oblique effect for vernier judgments 
might reflect limitations imposed beyond the initial 
filtering operation as suggested by the recent work 
of Buchanan-Smith and Heeley (1993). Our results 
suggest that the oblique effect for abutting vernier acuity 
is not easily explained on the basis of higher order 
limitations. 
GENERAL METHODS 
Stimuli  
The stimuli and psychophysical methods are similar to 
those used by Waugh et al. (1993). The specific stimulus 
details of each experiment are given below. 
The horizontal and oblique vernier lines and the 
spatial noise patterns of varying orientation and spatial 
frequency content were generated using a Neuroscientific 
VENUS stimulus generator with a frame rate of 270 Hz. 
In all the experiments, the stimuli were long (39 rain 
arc) dark line segments presented on a uniform field with 
a luminance of 100 cd/m 2 for 1 sec. The stimuli and 
masks were presented on a Tektronix 608 oscilloscope 
screen with a P31 yellow-green phosphor. The stimuli 
were viewed through a circular aperture (1.15 deg dia.), 
which was surrounded by a lower luminance (10 cd/rn 2) 
annulus (about 0.1 deg) and a circular matte black 
mask. The mask was centered in a black frame 
that subtended 4.1 by 4.6 deg, and is illustrated schemat- 
ically (and described in more detail) in Fig. 6. The 
stimulus orientation was varied mechanically (by rotat- 
ing the oscilloscope, thus the mask and frame also 
rotated). 
The observer viewed the stimuli binocularly (JS) or 
monocularly (DL and TN) from a distance of 4 m with 
normal overhead (fluorescent) illumination. Head pos- 
ition was stabilized via a chin and forehead rest. Vernier 
acuity was measured for two abutting dark line seg- 
ments, which were either aligned or had a small vertical 
offset between the lines. Identical stimulus lines were 
used in the contrast detection and discrimination 
measurements. 
Observers 
Three observers participated in the experiments, the 
authors (JS and DL), and TN, who was unaware of the 
purpose of the study. All had corrected-to-normal 
vision. Both DL and TN were highly practiced in 
horizontal vernier acuity; prior to this study both DL 
and TN had completed several hundred thousand trials 
of unmasked and masked vernier acuity using similar 
methods and procedures. Both practiced oblique vernier 
acuity until thresholds became asymptotic prior to the 
final data collection. JS had less experience in horizontal 
vernier acuity than DL and TN (JS's experience was 
more than 8000 preliminary trials evenly distributed 
among unmasked and masked vernier with various 
mask orientations). For the oblique orientation, JS 
performed about 4000 preliminary trials of unmasked 
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vernier acuity and 9000 trials for masked vernier 
thresholds (distributed evenly among each mask orien- 
tation) prior to final data collection. 
Despite large differences in the amount of practice, 
interindividual performance differences in the final data 
turned out to be quite small. 
Psychophysical procedures 
Vernier thresholds. In order to obtain criterion-free 
measures of performance, all thresholds were measured 
using a signal-detection rating scale method of constant 
stimuli (Waugh et al., 1993). Thresholds for detecting a
vernier offset were measured (Experiments 1 and 2) by 
presenting on each trial, the left line segment randomly 
in one of three (DL and TN) or four equally spaced (near 
threshold) positions: the two lines were exactly aligned 
or the left line was 1, 2 or 3 steps above the right line. 
The observer ated the offset size (from 0 to 2 or 3) and 
gave his or her response by pressing one of the keys in 
the response box. If the observer was not sure about the 
response, he or she was required to guess. Auditory 
feedback indicating the actual position of the left line 
was given immediately after each response. Thresholds 
for discriminating the direction of vernier offset (Exper- 
iment 3) were obtained by presenting the left line in 1 of 
5 positions (aligned or l or 2 steps above or below the 
right line segment). A threshold estimate was calculated 
from a block of 100-125 trials using the ROCFLEX 
signal detection analysis program (Klein & Levi, 1985). 
Each threshold estimate represents the smallest offset 
size (in min arc) which the observer could detect (Exper- 
iments 1 and 2) or discriminate (Experiment 3) at d' = 1. 
Vernier thresholds reported in the "Results" section are 
the averages of 3 5 stimulus blocks weighted by the 
inverse error (Klein, 1992). Error bars represent both 
within and between run variance. 
Line detection thresholds. Contrast hresholds for hori- 
zontal and oblique vernier lines were estimated using 
similar psychophysicat procedures to those in the vernier 
acuity measurements. One of four near threshold con- 
trasts of a vernier line (including a blank) was randomly 
presented (for 1 sec), and the observer's task was to rate 
the magnitude of line contrast (from 0 to 3). Immediately 
after the observer's response, auditory feedback was 
given about the actual contrast presented. Contrast 
threshold estimates (at d '= 1) both for horizontal and 
oblique vernier lines were calculated using the 
ROCFLEX signal detection analysis program, and the 
estimates represent the weighted average of 4 blocks of 
100 trials/block. 
Contrast discrimination thresholds. Contrast discrimi- 
nation thresholds were measured at three line contrast 
levels using two abutting line segments whose size and 
duration were identical to those in the vernier acuity 
task. On each trial, the contrast of the left line segment 
was randomly either the same as that of the right line or 
it was 1 or 2 contrast steps higher or lower than the 
contrast of the right line segment. The contrast steps 
were chosen to bracket the discrimination thresholds. 
The observer ated the contrast difference between the 
two line segments [from -2  to 2] and gave his or her 
response by pressing one of the 5 response keys. After 
each response, auditory feedback was provided. Dis- 
crimination threshold estimates (at d '= 1) were calcu- 
lated using ROCFLEX program. Each datum is the 
weighted average of 4 blocks of 125 trials/block. 
EXPERIMENT 1A: HORIZONTAL AND OBLIQUE 
VERNIER ACUITY AS A FUNCTION OF 
CONTRAST LEVEL 
Methods 
Vernier acuity was measured for two abutting dark 
line segments at four line contrasts, (from near the line 
detection threshold to about 20 times threshold). The 
vernier lines were either horizontal or 45 deg in orien- 
tation. 
Since abutting line vernier thresholds depend strongly 
on stimulus contrast or visibility (Watt & Morgan, 1984; 
Klein, Casson, & Carney, 1990; Banton & Levi, 1991; 
Waugh & Levi, 1993a, b), contrast hresholds for hori- 
zontal and oblique vernier lines were estimated. In order 
to make horizontal and oblique vernier acuity measure- 
ments comparable with respect o the visibility of the 
stimulus lines, vernier acuity was plotted against he line 
contrast specified in "contrast hreshold units", i.e. the 
contrast of vernier lines was defined separately for each 
observer in multiples of their contrast detection 
thresholds for oblique and horizontal ines. 
Results 
Figure l(a) shows three observers' horizontal and 
oblique vernier thresholds plotted as a function of the 
contrast of the line (specified in "contrast threshold 
units"--i.e, line contrast divided by the line detection 
threshold). In this figure, a vertical cut at, for example 
an abscissa value of 5, represents stimuli which were 5 
times their detection threshold, despite the approxi- 
mately 50% higher detection threshold for oblique com- 
pared to horizontal lines (see Table 1). 
A line of the form: V = klogC ~ [i.e. a power function 
where V is the vernier threshold; k is the vernier 
threshold at a line contrast, C, of unity (i.e. at the line 
detection threshold) and n, the exponent represents the 
slope of the line on log-log coordinates] was separately 
fitted to the horizontal and oblique data of the three 
observers. The slopes (n) are shown beside each line, and 
the intercepts (k) of the fits were 1.0 _+ 0.06 for horizon- 
tal vernier acuity and 2.2 +0.2 for oblique vernier 
acuity. Thus, when extrapolated to C = 1 (the line 
detection threshold), oblique vernier thresholds are 2.2 
times higher (worse) than horizontal vernier thresholds. 
The slightly steeper slope of the oblique function 
suggests that vernier thresholds for horizontal and 
oblique lines may converge at very high contrast levels; 
however, over the almost 10-fold range of contrast levels 
tested here, the anisotropy is evident. 
The results of Fig. l(a) indicate that both horizontal 
and oblique vernier acuity improve with increasing line 
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contrast (cf. e.g. Watt & Morgan, 1984; Klein et al., 
1990; Banton & Levi, 1991; Waugh & Levi, 1993a, b), 
but oblique vernier acuity is about a factor of two worse 
than horizontal vernier acuity (the difference decreasing 
slightly as the contrast increases). For any vertical cut of 
Fig. l(a), the visibility of horizontal and oblique lines is 
equal, hence, the lower visibility of oblique vernier lines 
does not seem to explain poorer vernier acuity for 
oblique lines. This result is somewhat surprising, since 
equating line visibility eliminates the effects of large 
variations in stimulus duration and luminance on vernier 
acuity (Waugh & Levi, 1993a, b). 
EXPERIMENT IB: CONTRAST DISCRIMINATION FOR 
HORIZONTAL AND OBLIQUE LINE SEGMENTS 
The results of the previous experiment (1A) showed 
that lower vernier acuity in the oblique orientation does 
not result from different visibility of the vernier lines at 
different orientations. The tacit assumption in the first 
experiment was that setting the contrast of horizontal 
and oblique lines to fixed multiples of the line detection 
threshold makes them equally visible at suprathreshold 
levels. In order to test whether this assumption is 
justified, contrast discrimination thresholds for horizon- 
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tal and oblique orientations were determined at various 
contrast levels using the same stimulus lines as in the 
vernier acuity task. 
Results 
Contrast discrimination thresholds (Weber fractions) 
for horizontal and oblique orientations as a function of 
line contrast (expressed in line threshold units, see 
Experiment lA) are shown for two observers in 
Fig. l(b). There were no significant differences between 
horizontal and oblique orientations in the contrast 
discrimination thresholds, thus supporting the notion 
that the horizontal and oblique vernier lines were 
equally visible at suprathreshold evels. This result is 
consistent with St, John, Timney, Armstrong and Sz- 
pak's (1987) contrast matching experiments howing 
that the oblique effect in respect of perceived contrast 
diminishes at suprathreshold contrast levels, and extends 
their findings to the discriminability of suprathreshold 
contrast. 
Line vernier acuity as dipole detection. Klein et al. 
(1990) showed that for line vernier acuity, the offset 
"cue" is equivalent to adding a dipole to a line, so the 
question arises, "is the lower vernier acuity for oblique 
lines a consequence of an oblique effect for detecting the 
dipole?" A dipole consists of two adjacent opposite 
polarity lines, and its visibility is proportional to the 
product of the line visibility (% min) and the separation 
between the opposite polarity lines, so the dipole visi- 
bility is specified in units of %min 2. Figure 2 replots the 
data of JS and DL from Fig. l(a) in terms of the strength 
of the dipole (in %rain 2) that must be added to the line 
at the vernier offset threshold (see Fig. 5 of Klein et al., 
1990). This is, in effect, a TVC (threshold vs contrast) 
curve for line vernier acuity. The important point of 
examining the data in this way, is that the dipole 
detection threshold can be plotted on the same graph, 
and in the same units. Klein et al. showed that in normal 
observers the dipole detection threshold for horizontal 
lines is approximately equal to the line vernier threshold 
at low line visibility levels when each are specified in 
dipole units. Plotting the results in this way shows that 
the TVC curves for horizontal and oblique lines are 
nearly parallel. The leftmost symbols, plotted at a line 
visibility near 1 (the line detection threshold) show 
dipole detection thresholds for each observer (they were 
measured using identical methods to those for measuring 
line detection thresholds). As noted by Klein et al. 
(1990), the line vernier thresholds at low visibility are 
within about a factor of two of the dipole detection 
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thresholds for horizontal stimuli. However, while the 
dipole detection thresholds for oblique lines (solid sym- 
bols) are slightly higher than those for horizontal ines 
(open symbols), the oblique vernier thresholds are much 
higher (about a factor of 6) than the oblique dipole 
detection thresholds. Clearly there is an additional factor 
which elevates oblique line vernier thresholds over the 
entire range of contrast levels tested here. 
To summarize the results of Experiment 1A and B, it 
seems that the lower vernier acuity for oblique line 
segments cannot be due to a difference in the visibility 
of the line segments nor can it be attributed to a 
difference in the visibility of the vernier offset "cue" (the 
dipole). 
EXPERIMENT 2A: ORIENTATION TUNING 
CHARACTERISTICS OF HORIZONTAL  
AND OBL IQUE VERNIER ACUITY 
Since orientation processing has often been implicated 
in vernier acuity (Findlay, 1973; Sullivan et al., 1972; 
Watt et al., 1983; Waugh et al., 1993; Wilson, 1986) an 
alternative explanation of poorer vernier acuity for 
oblique line segments might be that the orientation 
tuning characteristics of the mechanism underlying 
vernier acuity could depend on the orientation of vernier 
stimulus lines, i.e. the orientation tuning curve for 
horizontal vernier acuity might be narrower than that 
for oblique vernier acuity. 
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ORIENTATION 
TABLE 1. Line detection thresholds (in %min) a 
Observer Horizontal Oblique Ratio (H/O) 
JS 5.71 +0.29 6 .46+0.2 1.13 
DL 3.40 + 0.15 5.82 + 0.3 1.71 
TN 4.4l + 0.42 7.87 + 0.4 1.78 
Mean 4.51 + 0.67 6.72 __+ 0.60 1.49 
aLine detection thresholds are specified as the product of line width and 
line contrast since the lines were thin (within Ricco's diameter). 
Methods 
Orientation tuning curves for horizontal and oblique 
vernier acuity were determined using a simultaneous 
masking paradigm, that is, both horizontal and oblique 
vernier acuity were measured in the presence of random 
noise masks of two octave bandwidth consisting of an 
integer number (22) of sinusoidal components (Waugh 
et al., 1993). The sinusoidal components of the mask 
pattern were added together in random phase, thus the 
luminance profile of the mask varied randomly from trial 
to trial. The contrast of the spatial mask (or the peak to 
peak variation of the luminance profile of the noise) was 
30%. The orientation of the spatial mask was varied 
with respect to the horizontal and oblique (45 deg) 
vernier lines. Six (relative) mask orientations were used: 
5, 10, 15, 20, 30, and 90 deg. The tuning curves were 
expressed as threshold elevation from the unmasked 
vernier acuity. 
The simultaneous presentation of the mask pattern 
and the vernier line segments was accomplished by 
interleaving the mask and the vernier lines frame by 
frame (every 3.7 msec). In those vernier acuity measure- 
ments in which the line segments were unmasked, the 
lines were interleaved with a frame having the mean 
luminance. 
Vernier stimuli and psychophysical procedures were 
identical to those of Experiment I A. The line strength 
was 36.4%min (visibility was about 5-8 times the un- 
masked line detection threshold), and the lines and 
masks were presented for 1 sec. 
Results 
Figure 3 (top panel) shows the individual tuning 
curves (threshold elevation as a function of mask orien- 
tation) of vernier acuity for horizontal and oblique lines 
for the three observers. In order to quantify the tuning 
curves, we fitted Gaussian functions to the data. The 
form of Gaussian is: 
masked threshold =base 
+ elev * exp{ - [(orient - orientp)/SD] 2} 
where base is the baseline threshold value, elev is the 
elevation from the baseline to the peak threshold value, 
orientp is the orientation at which the peak is reached, 
and SD is the standard deviation of the Gaussian 
function. Igor TM was used to fit the data, and estimate 
the best fitting parameters. The standard eviations of 
the best fitting Gaussians for each observer and for the 
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group mean data (Fig. 3 lower panel) are listed in 
Table 2. 
Despite rather large individual differences, the overall 
fit to the data of the 3 observers hows rather similar 
standard eviations for horizontal and oblique vernier 
acuity. Thus we conclude that the orientation tuning 
characteristics of horizontal and oblique vernier acuity 
are similar, that is, the orientation bandwidth of oblique 
vernier (30.9 deg full bandwidth at half-height) is not 
significantly broader than that of horizontal vernier 
acuity (32.3deg full bandwidth at half-height). This 
result is in agreement with neurophysiological studies in 
the monkey visual cortex which show that cortical 
neurons tuned to vertical or horizontal orientations are 
not more narrowly tuned than neurons preferring 
oblique orientations (De Valois et al., 1982; Mansfield, 
1974). In addition, psychophysical evidence from pattern 
masking experiments in humans (Phillips & Wilson, 
1984) suggests that the oblique effect in contrast detec- 
tion is not due to a difference between the bandwidths 
of mechanisms tuned to different orientations. Interest- 
ingly, our bandwidth estimates for vernier acuity are 
quite similar to those of Thomas and Gille (1979) and 
Phillips and Wilson (1984)-for deletion about 30 deg full 
bandwidth. 
EXPERIMENT 2B: SPATIAL FREQUENCY TUNING OF 
HORIZONTAL AND OBLIQUE VERNIER ACUITY 
In the previous experiment (2A), the orientation 
tuning characteristics of horizontal and oblique vernier 
acuity were measured by varying the orientation of the 
simultaneous spatial mask. The broadband spatial fre- 
quency content of the noise mask was kept constant in 
that experiment. In Experiment 2B, which was otherwise 
similar to Experiment 2A, the orientation of the mask 
was fixed at 10 deg (producing maximal threshold el- 
evation), but the spatial frequency was systematically 
varied. This was done in order to test whether a differ- 
ence in the spatial tuning characteristics of horizontal 
and oblique vernier acuity might explain lower vernier 
acuity for oblique orientation. Since the accuracy of 
locating the centroid of a luminance distribution in 
noise is inversely proportional to the blur of the distri- 
bution (Morgan & Aiba, 1985; Morgan, 1991; 
Krauskopf & Farell, 1991), a shift in the spatial fre- 
quency tuning toward lower spatial frequencies would be 
expected to raise thresholds proportionally on statistical 
grounds. 
Methods 
Stimuli and psychophysical procedures were otherwise 
identical to those in Experiment 2A, but now the 
bandwidth of the noise mask was 1 octave and it was 
shifted along the spatial frequency axis from a center 
frequency of about 2 c/deg to about 34 c/deg. 
Results 
Threshold elevation as a function of the spatial fre- 
quency content (i.e. mid spatial frequency) of the noise 
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FIGURE 4. (a) Spatial frequency tuning (threshold elevation as a function of the spatial frequency content specified as the 
mid spatial frequency of the noise mask). The symbols how the individual data of the two observers. (b) The group mean 
spatial frequency tuning. The error bars represent both within and between observer standard errors. The lines in both panels 
represent Gaussian functions fitted separately to the mean horizontal and oblique data (details of individual fits as well as the 
overall fit shown here are given in Table 4). 
mask is depicted for two observers in the top panel of 
Fig. 4, and the mean data are shown in the lower panel. 
Gaussian functions were fitted separately to the horizon- 
tal and oblique data of the two observers to describe 
TABLE 2. Standard eviation (deg) of the best 
fitting Gaussian function 
Observer Horizontal Oblique 
JS 14.9 _.+ 5 12.5 -t- 2.6 
DL 25.4 _+ 14.4 7.5 __+ 3.5 
TN 7.8 + 2.8 16.5 ___ 7.5 
Overall fit 13.7 4- 5.2 13.12 __+ 4.2 
quantitatively the spatial frequency tuning curves. The 
form of the Gaussians is the same as for the orientation 
tuning curves, except he orientation parameters are now 
spatial frequency parameters. The best fitting parameters 
are listed for each observer and for the overall fit in 
Table 3. 
As was the case for the orientation tuning, the 
spatial frequency tuning curves are quite similar in 
peak spatial frequency and bandwidth for horizontal 
and oblique vernier acuity, and it seems unlikely that 
the very small (< 10%) shift in peak spatial frequency 
could account for the 2-fold loss of oblique vernier 
acuity. 
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FIGURE 5. (a) Vernier thresholds for two observers are plotted as a 
function of stimulus orientation for two separate conditions: (i) with 
the observer seated upright, with head position erect and stabilized by 
a chin and forehead rest (the "erect observer" condition) or (ii) with 
the observer seated in a "tilted chair", such that the observers body 
was tilted by 45 deg (the "tilted observer" condition). The erect 
observers (open symbols), shows the expected oblique effect, with 
thresholds for oblique lines elevated compared to those for horizontal 
lines. Tilted observers (solid symbols) show the opposite effect-- 
thresholds are elevated with horizontal lines. (b) The data of (a) are 
replotted here with the abscissa now showing the retinal orientation 
of the lines. Note that abutting vernier thresholds follow retinal 
coordinates. 
EXPERIMENT 3: HIGH LEVEL DETERMINANTS OF 
THE OBLIQUE EFFECT IN VERNIER ACUITY? 
Experiment 3A: The Tilted Observer Experiment 
As noted in the introduction, recent evidence suggests 
the possibility of a "higher level" contribution to orien- 
tation anisotropy. Specifically, Buchanan-Smith and 
Heeley (1993) found a large oblique effect in orientation 
discrimination, which persisted when the observers' head 
was tilted by 45 deg (i.e. the oblique effect for their 
orientation task followed gravitational rather than reti- 
nal coordinates). Based on these results, Buchanan- 
Smith and Heeley (1993) suggested that higher order 
mechanisms must play a role in coding orientation. Since 
orientation tuned mechanisms clearly play a role in 
vernier acuity (Experiment 2) in this experiment we 
measured vernier thresholds for horizontal and oblique 
lines with our observers either erect or tilted to determine 
whether the oblique effect in abutting vernier acuity 
follows retinal or gravitational coordinates. 
Methods 
The vernier stimuli were identical to those in the 
previous experiments. The line strength was 24.8%min 
(visibility was about 3-7 times the line detection 
threshold). In this experiment vernier thresholds were 
measured with the observer either: (i) seated upright, 
with head position erect and stabilized by a chin and 
forehead rest (the "erect observer" condition) or (ii) 
seated in a specially designed "tilted chair", such that the 
observers body was tilted by 45 deg (the "tilted ob- 
server" condition). The tilted chair had an adjustable 
headrest, which served to "fine tune" the observers' head 
position and to stabilize the head. Vernier thresholds 
were measured for horizontal and oblique lines (in 
counterbalanced or er) for each condition. Two observ- 
ers (DL and TN) participated. 
Results 
Figure 5 (top panel) summarizes the results for the two 
observers, by plotting vernier thresholds for the two 
observers as a function of the stimulus orientations. The 
erect observers (open symbols), shows the expected 
oblique effect, with thresholds for oblique lines elevated 
compared to those for horizontal lines. Tilted observers 
(solid symbols) show the opposite ffect--thresholds are
elevated with horizontal lines. The data are replotted in 
the lower panel of Fig. 5 with the abscissa now showing 
the retinal orientation of the lines. Similar effects were 
also obtained when the experiment was repeated in the 
dark. In contrast to the results of Buchanan-Smith and 
Heeley (1993), the oblique effect for abutting vernier 
thresholds follow retinal coordinates ( ee also Corwin, 
Moskowitz-Cook & Green, 1977). 
Experiment 3B: The Tilted Frame Experiment 
It is well known that the frame of reference can have 
a substantial effect on perceived orientation (see 
Howard, 1982, Chap. 10). In all of the experiments 
reported thus far, the frame surrounding the circular 
viewing aperture had principle angles (horizontal and 
vertical) for horizontal ines, and oblique angles for 
oblique lines (see inset in Fig. 6--top). Thus it could be 
argued that the orientation of the frame of reference, 
rather than of the stimulus contributed to the anisotropy 
in vernier thresholds. Thus, in this experiment, vernier 
thresholds were measured for horizontal and oblique 
lines (in counterbalanced order) under two conditions: 
(i) the standard frame (inset in Fig. 6~top) and with a 
tilted frame (inset in Fig. 6--bottom). 
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Results  
Figure 6 shows that the orientation of the frame of 
reference has little or no effect on abutting vernier 
thresholds. In one sense, this result and the result of the 
previous experiment are not surprising, since abutting 
vernier is based upon very local orthoaxial orientation 
information [i.e. it appears to depend on the local 
difference in orientation between the lines, and the 
angle defined by the offset cue over a limited extent 
(Watt, 1984; Watt et al., 1983)]. On the other hand, 
these results suggest hat the orientation anisotropy in 
vernier acuity is not a consequence of high level mechan- 
isms. While contextual effects do occur in vernier acuity, 
these are generally highly local. In particular, the mask- 
ing effects shown in Experiment 2 may be considered 
contextual. While we did not use 45 deg masks in the 
present study, Waugh et al. (1993) did, and found no 
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FIGURE 6. In this experiment, vernier thresholds were measured for horizontal and oblique lines under two conditions: (i) 
with the standard frame and (ii) with a tilted frame, The graph plots the vernier thresholds of two observers as a function 
of orientation and shows that the orientation of the frame of reference has little or no effect on abutting vernier thresholds. 
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TABLE 3. Spatial frequency tuning parameters 
2459 
Peak SF 
Observer (c/deg) 
Horizontal Oblique 
SD Bandwidth Peak SF SD Bandwidth 
(c/deg) (octaves) (c/deg) (c/deg) (octaves) 
JS 11.8 ± 0.24 
DL 12.6 ± 0.46 
Overall 12.12 ± 0.55 
6.2±0.88 2.1±0.42 10.6±0.4 6.4±0.1 2.56±0.5 
6.6±0.97 2.l±0.43 11.4±0.23 6.5±0.5 2.33±0.25 
6.59±1.1 2.18±0.37 11.0±0.27 6.54±0.6 2.5±0.32 
effects of masks oriented 45 deg from the target on 
vernier thresholds ( ee also Corwin, Moskowitz-Cook &
Green, 1977). 
DISCUSSION 
The present results how that there is a strong orien- 
tation anisotropy (on average ~ 2 fold) for abutting 
vernier acuity which is present over a range of contrast 
levels. This effect cannot be explained by either the lower 
visibility of oblique vernier lines or of the "dipole" cue. 
Nor can the oblique effect be accounted for on the basis 
of alterations in the orientation or spatial frequency 
tuning functions of oblique vernier acuity. The oblique 
effect for vernier follows retinal (rather than gravita- 
tional) coordinates, and seems to be unaffected by the 
frame. 
There is evidence that orientation anisotropy in cer- 
tain tasks may have a high level contribution. In particu- 
lar, the recent work of Heeley and colleagues (Heeley & 
Buchanan-Smith, 1992; Buchanan-Smith & Heeley, 
1993) suggests a role for a "higher level global mechan- 
ism" in judging orientation. This mechanism apparently 
is important in setting the observers frame of reference. 
Thus, in orientation judgments, perturbing the observers 
frame of reference has strong perceptual consequences. 
Similarly, the reference may be important in some 
position acuity tasks. For example, Morgan (1991) 
found 2 dot alignment to be much more difficult when 
the reference was oblique than when it was vertical. 
He attributed the effect to having an explicit internal 
representation f vertical (and presumably horizontal) 
but not for oblique. In our task, the observer judged 
the position of one line segment relative to another. 
Each segment was long (~40') providing a very 
strong reference. In the abutting vernier task, even 
randomly jittering the overall orientation of the lines 
does not perturb vernier acuity (Watt et al., 1983) 
because abutting vernier is based upon very local or- 
thoaxial orientation information (Watt, 1984; Watt 
et al., 1983). Thus, we do not believe that such a 
high level mechanism contributes to the anisotropy 
obtained with long abutting vernier lines; rather, we 
suggest that the effect can be attributed to relatively low 
level causes. 
The characteristics of oblique vernier acuity are, at 
first glance quite similar to those of the normal periphery 
and of strabismic amblyopia (except hat there is little 
shift in the peak of the oblique spatial frequency tuning 
function). In all three visual systems line vernier acuity 
is degraded, even after accounting for the visibility of the 
stimulus lines and the dipole cue (Levi, Klein & Wang, 
1994). What might be then the explanation for lower 
oblique vernier acuity? 
Three main alternatives have been proposed to ac- 
count for degraded peripheral and amblyopic positional 
acuity: (i) alterations in the size of retinal and cortical 
receptive fields (i.e. changes in the spatial scale of 
processing--Levi & Waugh, 1994; Levi, Waugh & 
Beard, 1994) (ii) alterations in the spacing of retinal 
and/or cortical receptors (i.e. undersampling--first 
suggested by Snyder, 1982; Levi & Klein, 1986; Levi, 
Klein & Yap, 1987; Wilson, 1991) and (iii) topographical 
jitter in the positions of peripheral retinal cones or 
cortical receptive fields (i.e. uncalibrated jitter--Levi, 
Klein & Aitsebaomo, 1985; Watt & Hess, 1987; Hess & 
Watt, 1990; Wilson, 1991; Hess & Field, 1993, 1994). 
Below we consider how each of these hypotheses may 
relate to oblique vernier acuity. 
(i) Alterations in the size of retinal and cortical receptive 
fields 
In both peripheral (Levi & Waugh, 1994) and ambly- 
opic (Levi et al., 1994) vision, simultaneous masking 
experiments like those of Experiment 2B show marked 
shifts in the peak spatial frequency at which vernier 
acuity is masked. Specifically, peak masking is shifted 
toward lower spatial frequencies, uggesting that there 
are substantial lterations in the size of retinal and/or 
cortical receptive fields. In the present study, we see little 
evidence for any significant alterations in either spatial 
frequency or orientation tuning. Thus, our results 
provide no support for a shift in the spatial scale of 
processing in the oblique meridian. 
(ii) Alterations in the spacing of retinal and~or cortical 
receptors (i.e. undersampling) 
One hypothesis  that positional uncertainty is higher 
in the peripheral or strabismic amblyopic visual systems 
because the sampling density of cortical receptive fields 
is lower outside the fovea or in the amblyopic eye (Levi 
& Klein, 1986; Levi el al., 1987; Wilson, 1991). While it 
is widely believed that the oblique effect does not have 
its origin in anisotropy of cone spacing in the fovea, 
there is some evidence for small anisotropy. Psycho- 
physical estimates of cone spacing near the fovea by 
Williams (1988), suggests little evidence for an oblique 
effect in cone spacing. However, recent anatomical work 
(Curcio & Sloan, 1992) suggests that near the fovea on 
the horizontal meridian, there is a tendency for the 
largest cone spacing to be along an oblique axis (see their 
Fig. 9). These small retinal effects are unlikely to be large 
2460 JUKKA SAARINEN and DENNIS M. LEVI 
enough to account for the observed psychophysical 
anisotropies. 
By analogy, there might be a predominance of cortical 
cells whose receptive fields have an optimal orientation 
near vertical or horizontal, i.e. sampling density might be 
lower for oblique than horizontal-vertical orientations, 
resulting in higher orientational uncertainty for obliques. 
The results of single-cell recordings in the monkey visual 
cortex seem to support this notion. For instance, 
Mansfield (1974) and De Valois et al. (1982) showed that 
the proportion of cortical cells tuned to vertical or 
horizontal is slightly higher than those tuned to oblique 
orientations. Interestingly, the "vertical-horizontal" 
cells were more numerous only in the foveal projection 
of the striate cortex. 
The "undersampling" hypothesis for orientational 
anisotropy has been emphasized by Regan and Price 
(1986). However, there may be objections to the simplest 
version of this hypothesis. For example, Morgan (1991) 
argues that it is inadequate because the discrimination 
anisotropy is larger than that for detection. In a similar 
vein, Hess and Field (1993, 1994) have argued that if 
positional uncertainty is due to undersampling, then 
there should be an associated contrast uncertainty. In 
the present study, we show that in the oblique meridian 
(as in peripheral and amblyopic vision), position acuity 
is selectively degraded, while contrast discrimination is 
not. Does this preclude undersampling as an explanation 
for the oblique effect? We believe not. One plausible 
alternative xplanation is that position processing is 
accomplished at a stage subsequent (or parallel to) to 
contrast processing. Undersampling at the second stage 
would degrade both position and contrast information; 
however, since contrast detection and discrimination was 
already accomplished at the first stage, position infor- 
mation would be selectively degraded. Thus, either un- 
dersampling, or noise at the second stage would have a 
differential effect upon position judgments (see Levi & 
Klein, 1995 for detailed arguments). Recently, Waugh 
et al. (1993) provided evidence based on spatial fre- 
quency masking for a second stage mechanism, in which 
the responses of filters of different orientations are 
combined to accomplish the vernier task. 
(iii) Topographical fitter in the positions of peripheral 
retinal cones or cortical receptive fields 
With increasing eccentricity both the mean spacing, 
and the standard eviation of cone spacing increase 
significantly (e.g. Hirsch & Miller, 1987; Curcio & Sloan, 
1992). The increased jitter in the positions of peripheral 
cones has been implicated in the elevated peripheral 
positional uncertainty (Hess & Watt, 1990; Wilson, 
1991). However, this explanation seems unlikely to 
account for either amblyopic or oblique central vision. 
In amblyopia, the retinal photoreceptors are generally 
considered to be normal. Similarly, there is no evidence 
for the existence of systematic meridional nisotropies in
cone jitter near the fovea (Pum, Ahneldt & Grasl, 1990; 
Curcio & Sloan, 1992). Cone jitter would result in an 
additive error, which would produce a "floor" in per- 
formance, and this can be seen empirically in the exper- 
iments of Watt and Hess (1987) and Levi et al. (1994) in 
which spatial jitter is added to the elements comprising 
the line vernier target. Consider the case of abutting 
vernier acuity. For both horizontal and oblique targets, 
abutting vernier acuity is strongly dependent upon 
stimulus contrast (see Fig. 1). An additive model predicts 
that at low stimulus contrast levels, where thresholds are 
higher than the floor, thresholds for oblique lines would 
be similar to thresholds for horizontal ines; at high 
contrast levels, the floor would limit oblique thresholds, 
and make them independent of contrast. However, 
Fig. 1 shows that thresholds are elevated over a substan- 
tial range of contrast levels, resulting in a more or less 
constant loss in vernier acuity. This result is not pre- 
dicted by a simple jitter model. Thus, if the elevated 
oblique vernier acuity is due to an anisotropy in topo- 
graphical jitter, it must be post-receptoral (i.e. at a 
second stage). We know of no anatomical or physiologi- 
cal evidence which bears on this issue directly; however, 
our experiments cannot distinguish between the effects of 
undersampling or jitter at a second stage. 
In summary, our results show that there is an orien- 
tation anisotropy for abutting vernier acuity which is 
present over a range of contrast levels. (i) This effect 
cannot be explained by the lower visibility or discrim- 
inability of oblique vernier lines or of the "dipole" cue, 
and thus is unlikely to be a consequence of lower 
neuronal sensitivity (Rose & Blakemore, 1974). (ii) Both 
the orientation and spatial frequency tuning functions of 
oblique vernier acuity are similar to those obtained with 
horizontal stimuli, thus the oblique effect is unlikely to 
result from alterations in the tuning of neurons ensitive 
to the oblique meridians (Andrews, 1967; Thomas & 
Gille, 1979). (iii) The oblique effect for vernier follows 
retinal (rather than gravitational) coordinates, and is 
unaffected by the frame, suggesting a relatively low level 
cause. By exclusion, we suggest that the dependence of
vernier acuity on orientation may result from increased 
uncertainty atoblique orientations, perhaps as a conse- 
quence of lower cortical neuronal density (Rose & 
Blakemore, 1974; Mansfield, 1974; Mansfield & Ronner, 
1978; Orban & Kennedy, 1981; De Valois et al., 1982) 
or increased topographic noise. 
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